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£^ (57) Abstract: An electromechanical force transducer having an intended operative frequency range comprises a resonant element 
(10) having a periphery and having a frequency distribution of modes in the operative frequency range, characterised by support 
means (16) coupled to the periphery of the resonant element, the support means (16) having a substantially restraining nature in 
relation to bending wave vibration of the resonant element (10). The transducers may be mounted to an acoustic radiator (12) in a 
loudspeaker via coupling means (14) to excite the acoustic radiator to produce an acoustic output. 
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5 TITLE: TRANSDUCER 



10 DESCRIPTION 

TECHNICAL FIELD 
The invention relates to transducers, actuators or 
exciters, in particular but not exclusively transducers 
for use in acoustic devices, e.g. loudspeakers and 
15 microphones. 

BACKGROUND ART 
It is known from WO 01/54450 in the name New 
Transducers Limited to provide an electromechanical force 
transducer comprising a resonant element having a 

2 0 frequency distribution of modes in the operative 
frequency range of the transducer. The parameters of the 
resonant element may be selected to enhance the 
distribution of modes in the element in the operative 
frequency range. The transducer may thus be considered to 

2 5 be an intendedly modal transducer. 
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The transducer may be coupled to a site to which 
force is to be applied by coupling means which may be 
attached to the resonant element at a position which is 
beneficial for coupling modal activity of the resonant 
5 element to the site. Thus for example as shown in Figure 
1, the transducer 132 may comprise a resonant element in 
the form of a beam which is coupled to a panel 134 by two 
coupling means 136 in the form of stubs. One stub is 
located towards an end 13 8 of the beam and the other 

10 towards the centre of the beam. The opposite end 140 is 
not supported and is thus free to move. 

DISCLOSURE OF INVENTION 
According to the present invention, there is 
provided an electromechanical force transducer having an 

15 intended operative frequency range and comprising a 
resonant element having a frequency distribution of modes 
in the operative frequency range , characterised by 
support means coupled to the periphery of the resonant 
element, the support means having a substantially 

2 0 restraining nature in relation to bending wave vibration 
of the resonant element. 

The transducer may be for applying a force to a 
load, e.g. to excites an acoustic radiator to produce an 
acoustic output or to drive non-acoustic loads, e.g. 

2 5 ink jet printer heads. 
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Restraining the resonant element alters its boundary 
conditions which affects the performance of the 
transducer. Accordingly, the nature of the support means 
may be selected to achieve a desired performance of the 
5 transducer and may for example extend its bandwidth. The 
support means may partially or substantially simply 
support or clamp the resonant element. The support 

means may extend along at least part of and/or be coupled 
to at least two discrete portions of the periphery. 

10 Simply supporting means restraining the resonant 

element to allow rotational but not translational 
movement of the resonant element about the support . The 
support thus acts as a hinge and has zero compliance. 
Clamping means constraining the resonant element to 

15 prevent both translational and rotational movement about 
the clamp. The velocity of the resonant element at the 
support or clamp is zero. In practice, it is difficult 
if not impossible to achieve zero velocity and thus the 
support means may approximate to simply supporting or 

2 0 clamping. 

The resonant element may be rectangular and the 
support means may comprise portions engaging opposite 
edges of the resonant element. The resonant element may 
be generally disc -shaped and the support means may extend 

2 5 along part or whole of the perimeter. Alternatively, the 
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support means may be located at least three positions on 
the perimeter and the positions may be equally spaced 
around the perimeter. The resonant element may be 
triangular and the support means may be located at each 
5 vertex of the triangle. The resonant element may be 
trapezoidal or hyperellipt ical . The resonant element may 
be plate-like and may be planar or curved out of planar. 

The support means may be vestigial, e.g. a layer of 
suitable adhesive. The transducer may further comprise 

10 coupling means on the resonant element for mounting the 
transducer to a site to which force is to be applied. The 
support means may be adapted to mount the transducer to 
the site or to a separate support, i.e. to ground the 
transducer. In this way, the support means may increase 

15 the ruggedness of the transducer and improve its 
resistant to shock and drop impacts. 

The support means may be integral with the resonant 
element. The resonant element may be a bi-morph with a 
central vane and the central vane may be adapted to form 

20 the support means- Alternatively, the support means may 
in the form of discrete supports. 

The parameters, e.g. aspect ratio, geometry and 
isotropy or anisotropy of bending stiffness or thickness, 
of the resonant element may be selected to enhance the 

25 distribution of modes in the resonant element in the 
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operative frequency range. Analysis, e.g. computer 
simulation using FEA or modelling, may be used to select 
the parameters . 

The distribution may be enhanced by ensuring a Zirst 
5 mode of the active element is near to the lowest 
operating frequency of interest. The distribution may 
also be enhanced by ensuring a satisfactory, e.g. high, 
density of modes in the operative frequency range. The 
density of modes is preferably sufficient for the active 

10 element to provide an effective mean average force which 
is substantially constant with frequency. The distribution 
of modes may also be enhanced by distributing the resonant 
bending wave modes substantially evenly in frequency. 

The resonant element may be modal along two 

15 substantially normal axes, each axis having an associated 
fundamental frequency. The ratio of the two fundamental 
frequencies may be adjusted for best modal distribution, 
e.g. 9:7 (-1.286:1) . 

The resonant element may be active and may be a 
20 piezoelectric, a magnetostrict ive or an electret device. 
The piezoelectric active element may be pre-stressed, for 
example as described in US patent 5632841 or may be 
electrically prestressed or biased. The active element 
may be a bi-morph, a bi-morph with a central vane or 
25 substrate or a uni-morph. The active element may be 
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fixed to a backing plate or shim which may be a thin 
metal sheet and may have a similar stiffness to that of 
the active element. 

The resonant element may be passive and may be 
5 coupled by connecting means to an active transducer 
element which may be a moving coil, a moving magnet, a 
piezoelectric, a magnetostrict ive or an electret device. 
The connecting means may be attached to the resonant 
element at a position which is beneficial for enhancing 

10 modal activity in the resonant element. The passive 
resonant element may act as a short term resonant store 
and may have low natural resonant frequencies so that its 
modal behaviour is satisfactorily dense in the range 
where it performs its loading and matching action for the 

15 active element . 

The transducer may comprise a plurality of resonant 
elements each having a distribution of modes, the modes of 
the resonant elements being arranged to interleave in the 
operative frequency range and thus enhance the 

2 0 distribution of modes in the transducer as a whole device. 
The resonant elements may be coupled together by 
connecting means and may be arranged in a stack with 
axially aligned coupling points. The resonant devices may 
be passive or active or combinations of passive and active 

2 5 devices to form a hybrid transducer. 
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The transducer may comprise a flat piezoelectric 
disc; a combination of at least two or preferably at 
least three flat piezoelectric discs; two coincident 
piezoelectric beams; a combination of multiple coinciden. 
5 piezoelectric beams; a curved piezoelectric plate; a 
combination of multiple curved piezoelectric plates or 
two coincident curved piezoelectric beams. 

Each resonant element may have a different 
fundamental resonance. The interleaving of the 

10 distribution of the modes in each resonant element may be 
enhanced by optimising the frequency ratio of the 
resonant elements, i.e. the ratio of the frequencies of 
each fundamental resonance of each resonant element. For 
a transducer comprising two beams, the two beams may have 

15 a frequency ratio of 1.27:1 and for a transducer 
comprising three beams, the frequency ratio may be 
1.315:1.147:1. For a transducer comprising two discs, the 
frequency ratio may be 1.1:1 to optimise high order modal 
density or may be 3.2:1 to optimise low order modal 

2 0 density. For a transducer comprising three discs, the 
frequency ratio may be 3.03:1.63:1 or may be 8.19:3.20:1. 

The support means may be coupled to the periphery of 
each resonant element. Alternatively, at least one 
resonant element may be unrestrained, i.e. not coupled to 

2 5 the support means and free to move. 
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According to a second aspect of the invention, there 
is provided a loudspeaker comprising an acoustic radiator 
and a modal transducer as defined above, the transducer 
being coupled via coupling means to the acoustic radiator 
5 to excite the acoustic radiator to produce an acoustic 
output. The coupling means may be vestigial, e.g. a 
controlled layer of adhesive. The resonant member may be 
acoustically substantially inactive . 

In both the first and second embodiments, the 

10 coupling means may form a line of attachment or a point 
or small local area of attachment where the area of 
attachment is small in relation to the size of the 
resonant element. The coupling means may comprise a 
combination of points and/or lines of attachment. 

15 Alternatively only a single coupling point may be 
provided, whereby the output of the or each resonant 
elements is summed through the single coupling means 
rather than the acoustic radiator. The coupling means may 
be attached to the resonant element at a position which 

20 is beneficial for coupling modal activity of the resonant 
element to the site or acoustic radiator. 

The coupling means may be chosen to be located at an 
ant i- node on the resonant element and may be chosen to 

* 

deliver a constant average force with frequency. The 
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coupling means may be positioned at the centre of or away 
from the centre of the resonant element. 

The mechanical impedance of the transducer may be 
matched to the mechanical impedance of the load, i.e. to 
5 the acoustic radiator. The boundary conditions of the 
transducer may be selected to provide the required 
mechanical impedance of the transducer. The transducer 
may be mounted to a second load, e.g. a panel, which 
ensures impedance matching between the primary load and 

10 the transducer. The second load may be perforated to 
prevent acoustic radiation therefrom. 

The loudspeaker may be intendedly pistonic over at 
least part of its operating frequency range or may be a 
bending wave loudspeaker. The parameters of the acoustic 

15 radiator may be selected to enhance the distribution of 
modes in the resonant element in the operative frequency 
range. The loudspeaker may be a resonant bending wave 
mode loudspeaker having an acoustic radiator and a 
transducer fixed to the acoustic radiator for exciting 

20 resonant bending wave modes. Such a loudspeaker is 
described in International Patent Application WO97/09842 
and other patent applications and publications, and may 
be referred to as a distributed mode loudspeaker. 

The acoustic radiator may be in the form of a panel. 

25 The panel may be flat and may be lightweight. The 
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material of the acoustic radiator may be anisotropic or 
isotropic. The properties of the acoustic radiator may be 
chosen to distribute the resonant bending wave modes 
substantially evenly in frequency, i.e. to smooth peaks 
5 in the frequency response caused by "bunching" or 
clustering of the modes. In particular, the properties of 
the acoustic radiator may be chosen to distribute the 
lower frequency resonant bending wave modes substantially 
evenly in frequency. 

10 The transducer location may be chosen to couple 

substantially evenly to the resonant bending wave modes 
in the acoustic radiator, in particular to lower 
frequency resonant bending wave modes. In other words, 
the transducer may be mounted at a location where the 

15 number of vibrationally active resonance anti -nodes in 
the acoustic radiator is relatively high and conversely 
the number of resonance nodes is relatively low. 

According to a third aspect of the invention, there 
is a provided electronic apparatus having a body and 

20 comprising a loudspeaker as described above mounted in 
the body. The support means may be mounted to the body. 
The electronic apparatus may be in the form of a mobile 
phone. The support means may extend from the casing of 
the mobile phone. The support means may be moulded as part 
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of the casing or fixed to the or each resonant element 
prior to assembly into the casing. 

The operative frequency range may be over a 
relatively broad frequency range and may be in the audio 
5 range and/or ultrasonic range. There may also be 
applications for sonar and sound ranging and imaging 
where a wider bandwidth and/or higher possible power will 
be useful by virtue of distributed mode transducer 
operation. Thus, operation over a range greater than the 
0 range defined by a single dominant, natural ' resonance of 
the transducer may be achieved. The lowest frequency 
in the operative frequency range is preferably above a 
predetermined lower limit which is about the fundamental 
resonance of the transducer. 
5 BRIEF DESCRIPTION OF DRAWINGS 

The invention is diagrammatically illustrated, by way 
of example, in the accompanying drawings in which: 

Figure 1 is a cross-section of a loudspeaker 
comprising a transducer according to the prior art; 
0 Figure 2 is a cross- section of a transducer according 

to a first aspect of the invention; 

Figure 3 is a graph of power versus frequency 
comparing the transducer of Figure 2 with a known prior 
art transducer similar to that of Figure 1; 
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Figure 4 is a front elevation of a section of a 

* 

mobile phone according to another aspect of the invention; 

Figures 5 and 6 are cross -sect ions along lines AA and 
i*B of Figure 4; 

5 Figures 7 to 9 are cross- sections of alternative 

transducers ; 

Figure 10 is a graph showing velocity against force 
against frequency for a transducer similar to those of 
Figures 7 to 9; 

10 Figure 11 is a cross-section of a transducer 

according to another aspect of the invention, and 

Figure 12 is a cross-section of a transducer 
according to another aspect of the invention. 

Figure 2 shows a transducer comprising a resonant 

15 element in the form of a 36mm piezoelectric beam 10 which 
is connected to an acoustic radiator 12 by coupling means 
14 in the form of a stub which is mounted centrally along 
the beam 10. Each end of the beam 10 is attached to 
support means 16 whereby the ends of the beam 10 are 

2 0 simply supported. Thus, in contrast to the prior art 
transducer of Figure 1, neither end of the beam 10 is free 
to move. Simply supporting the beam reduces its inertia 
and thus increases its resistance to shock and drop 
impacts . 
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The dotted and solid lines of Figure 3 show the power 
output of the transducer of Figure 2 with and without the 
connectors, respectively. Simply support the ends of the 
beam may be expected to stiffen the beam and hence raise 
5 its fundamental frequency. However, somewhat counter- 
intuitively, simply supporting greatly improves the low 
frequency (i.e. below 500Hz) performance of the 
transducer. However, there is a general reduction in the 
power delivered across the mid and high frequency range, 

10 i.e. above 750Hz. 

Figures 4 to 6 shows a transducer according to the 
present invention mounted in a mobile phone. The 
transducer comprises first and second piezoelectric beams 
32,34 which are coupled together by connecting means 36 in 

15 the form of a stub. The first beam 32 is longer than the 
second beam 34. The casing 30 of the mobile phone 
comprises an acoustic radiator 38 which also acts as the 
display screen. The transducer is coupled to the acoustic 
radiator 38 by coupling means 4 0 in the form of a stub and 

2 0 excites the acoustic radiator 3 8 to produce an acoustic 
output in response to signals received by electrical 
connections 42. The electrical connections 42 connect to 
each beam via the stub. The coupling means 40 and the 
connecting means 36 are axially aligned and mounted 

2 5 centrally on respective beams. 
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The casing 30 comprises support means in the form of 
four elongate finger-like supports 44a, 44b, 46a, 46b which 
extend from the casing 3 0 beneath part of the acoustic 
radiator 38. A first pair of supports 44a, 44b supports 
5 each end of the first beam 32 and a second pair of 
supports 46a, 46b supports each end of the second beam 34. 
The ends of each support are aligned with the ends of the 
beams. The beams are fixed, e.g. by adhesive, to the 
respective supports, thus providing a boundary condition 
10 which approximates a simply support for the ends of the 
beams . 

Alternative arrangements for the end terminations of 
the beams are shown in Figures 7 to 9 . Elements in common 
to each arrangement carry the same reference number. The 
15 transducers may be used in the mobile phone of Figure 4 or 
in other applications. 

In Figures 7 to 9, the transducer comprises first and 
second beams 50,52 coupled by a centrally mounted stub 54. 
The first beam 50 is attached to an acoustic radiator 56 
20 by a stub 58. Each beam comprises a central vane 60,62 
sandwiched between upper and lower piezoelectric elements 
64,66 68,70 which have equal length. The acoustic 

radiator may be in the form of a panel . 

In Figures 7 and 8, the central vane 60,62 of each 
25 beam 50,52 is longer than both upper and lower elements of 
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each beam and provides the support means. In Figure 7, 
the central vanes 60,62 curve away from the acoustic 
radiator 56 and are attached to a support or carrier 72 . 
This arrangement is particularly suitable for an acoustic 
5 radiator which has an area far greater than that of the 
transducer. Both arrangements approximate to 

substantially simply supporting the resonant elements. 

In Figure 8, the acoustic radiator 56 is mounted to a 
support 74 which extends around its perimeter. The central 

10 vanes 60,62 curve towards the acoustic radiator 56 and are 
attached to connectors 76 which extend inwardly from the 
support 74 . In contrast to Figure 7 the second beam 52 is 
longer than the first beam 50. This arrangement is 
particularly suitable for an acoustic radiator of similar 

15 size to the transducer and provides the same boundary 
conditions for both transducer and acoustic radiator. In 
this way, assembly is simplified since the transducer and 
radiator may be combined in a sub- assembly avoiding the 
need to attach the transducer to both a ground plane, 

20 e.g. casing, and to the acoustic radiator. 

In Figure 9, the central vanes 60,62 are co-extensive 
with the upper and lower elements of each beam. Both ends 
of each beam 50,52 are held in an individual support 78 
™hich connect the beams to a frame 80. The beams 50,52 

25 are held in shallow slots in the supports 78 so that the 
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supports extend no more than 5% along the length of the 
beam. In this way, a boundary condition which is between 
simply supporting and clamping, i.e. partially clamping, 
is achieved. This arrangement is "particularly suitable for 
5 larger acoustic radiators. The supports 78 may carry 
electrical connections to provide the signals to drive the 
transducer thereby removing the need for flexible wires. 
Pushing the supports onto to the beams may provide the 
- necessary electrical contact. 

10 Figure 10 show the velocity against force at IkHZ for 

a simply supported double-beam transducer. The maximum 
value of the velocity is calculated with no load and the 
maximum value of the force is calculated with an immovable 
load. The diagonal line shows the optimum load, i.e. the 

15 load at which maximum power transfer is obtained. As 
shown, this occurs when the force and velocity are at 
approximately 70% of their maximum values. 

By matching the mechanical impedance of the load to 
the transducer, a relatively smooth variation of power, 

20 force and velocity with frequency which extends down to 
the 300Hz region and below may be achieved. In contrast, 
if the load impedance is not matched, for example is too 
high or too low, there may be a 10 -fold drop in power 
transfer. Lowering the load impedance may also introduce 

25 an extra low frequency mode, say at about 500Hz. Simply 
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supporting the ends increases the mechanical impedance of 
the transducer. For a double-beam transducer, the 

increase in mechanical impedance may be counteracted by 
removing one of the beams so that the transducer remains 
5 matched to the load impedance. In other words, a simply 
supported single beam transducer may have approximately 
the same impedance as a free double -beam transducer. 

Another arrangement for achieving matching of the 
load impedance with that of the transducer is shown in 
10 Figure 11. The transducer is similar to that used in 
Figure 7 and comprises a single beam 81 having a central 
vane 82 sandwiched between upper and lower piezoelectric 
layers 84,86. The upper piezoelectric layer 84 is 

attached to a primary load, namely an acoustic radiator 88 
15 by a central stub 90 and both layers 84,86 are driven by 
electrical connections 92. 

The central vane 82 is longer than both piezoelectric 
layers and its ends are curved to attach to a second load, 
namely a panel 94 • Together the curved ends and the panel 
2 0 94 form the boundary conditions for the beam. The panel 
is used as the admittance for the beam-ends and is 
selected so that the impedance of the transducer matches 
that of the acoustic radiator 88. The panel 94 may be 
perforated to effectively prevent it from radiating any 
25 sound whilst preserving its mechanical impedance. 
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Any loss in power which occurs when restraining the 
ends of the beam may be overcome by combining the 
transducer with a transducer having an unrestrained 
resonant element. For example, Figure 12.. shows a first 
5 transducer having a beam 50, the ends of which are 
restrained in supports 78 and a second transducer 
comprising a beam 106 mounted to the first transducer 50 
by a connecting stub 104 . The ends of the second 
transducer 106 are not restrained. The power from both 

10 transducers is summed through stub 58 to drive the 
acoustic radiator 56. In this way, the acoustic output 
of the combination benefits from the low frequency 
extension of the restrained transducer and the higher 
output of the unrestrained transducer over mid-high 

15 frequencies. 
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CLAIMS 

1. An electromechanical force transducer having an 
5 intended operative frequency range and comprising a 

resonant element having a periphery and having a frequency 
distribution of modes in the operative frequency range, 
charcterised by support means coupled to the periphery of 
the resonant element, the support means having a 
10 substantially restraining nature in relation to bending 
wave vibration of the resonant element. 

2. A transducer according to claim 1, wherein the 
support means simply supports the resonant element. 

3. A transducer according to claim 1 or claim 2, wherein 
15 the support means is coupled to at least two discrete 

portions of the periphery of the resonant element. 

4. A transducer according to claim 3, wherein the 
discrete portions are located about opposed positions on 
the periphery of the resonant element . 

2 0 5. A transducer according to any preceding claim, 
wherein the support means extends along at least part of 
the periphery of the resonant element. 

6. A transducer according to any preceding claim, 
wherein the resonant element is planar. 
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7. A transducer according to any preceding claim, 
comprising coupling means on the resonant element for 
mounting the transducer to a site to which force is to be 
applied. 

5 8. A transducer according to any preceding claim, 
wherein the support means is adapted to ground the 
transducer. 

9. A transducer according to any preceding claim, 
wherein the support means is integral with the resonant 

10 element . 

10. A transducer according to any preceding claim, 
wherein the resonant element is active. 

11. A transducer according to claim 10, wherein the 
resonant element is a piezo-electric device. 

15 12. A transducer according to claim 11, wherein the 
resonant element is a bi-morph piezo-electric device with 
a central vane which is adapted to form the support means. 

13 . A transducer according to any preceding claim, 
wherein the resonant element is modal along two 

20 substantially normal axes, each axis having an associated 
fundamental frequency . 

14. A transducer according to any preceding claim, 
comprising a plurality of resonant elements each having a 
distribution of modes, the modes of the resonant elements 

2 5 being arranged to interleave in the operative frequency 
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range to enhance the distribution of modes in the 
transducer as a whole. 

15. A transducer according to claim 14, wherein the 
resonant elements are coupled together by connecting means 

5 and are arranged in a stack with axial ly aligned coupling 
points. 

16. A transducer according to claim 14 or claim 15 , 
wherein the support means are coupled to the periphery of 
each resonant element. 

10 .17. A transducer according to claim 14 or claim 15, 
wherein at least one resonant element is unrestrained. 

18. A loudspeaker comprising an acoustic radiator and a 
transducer as claimed in any preceding claim, the 
transducer being coupled via coupling means to the 

15 acoustic radiator to excite the acoustic radiator to 
produce an acoustic output. 

19. A loudspeaker according to claim 18, wherein the 
resonant element is acoustically substantially inactive. 

20. A loudspeaker according to claim 18 or claim 19, 
2 0 wherein the mechanical impedance of the transducer is 

matched to the mechanical impedance of the acoustic 
radiator . 

21. A loudspeaker according to claim 20, wherein the 
transducer is mounted to a second load which ensures 
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impedance matching between the acoustic radiator and the 
transducer . 

22. Electronic apparatus having a body and comprising a 
loudspeaker according to any one of claim 1G to 21 mounted 

5 in the body. 

23. Electronic apparatus according to claim 22, wherein 
the support means are mounted to the body. 

24. Electronic apparatus according to claim 22 or claim 
23 , in the form of a portable cellular telephone. 
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